Introduction
Living kidney donation exposes a healthy individual to the risk of surgery to help a patient with kidney failure, often a relative, friend or spouse of the donor. While living kidney donation is considered safe in healthy individuals, perioperative complications can occur, ranging from minor events that resolve before discharge to major events such as lifethreatening bleeding, pulmonary embolism, and in extremely rare cases death. 2, 3, 7, 8 Several factors may contribute to perioperative complications. Individuals who come forward for living kidney donation undergo a rigorous evaluation to ensure they are of sufficiently good health to become a donor. However, the persistent shortage of organs combined with evidence of minimal risk to donors means that many transplant programs are allowing a broader spectrum of individuals to donate; nearly 25% of living donor transplants in the United States and Canada now include donors with at least one potential risk factor for perioperative complications such as smoking, older age, obesity, or predonation hypertension. 4, 9, 10 Ongoing assessment of perioperative complications in living kidney donors is warranted given the evolving characteristics of donors and the introduction of new surgical techniques. 2, 3, 11 During their predonation health evaluation, donor candidates undergo a presurgical assessment, including computed tomography angiogram or magnetic resonance angiogram. 12 These assessments may reveal anatomical variations and abnormalities including accessory arteries, early arterial branching or cysts, which may be associated with longer operative and ischemia times. While such abnormalities do not necessarily preclude donation, they may increase the difficulty of surgery and increase the risk of perioperative complications; however, few reports are available to estimate this risk. 13 Surgical factors, including a surgeon's training, experience, and operative practice, may also influence the risk of perioperative complications. 5 While center volume may serve as a proxy for the surgeon experience, no studies have directly examined whether a surgeon's training or experience associates with the risk of perioperative complications in living kidney donors. [14] [15] [16] To confirm the safety of living kidney donation in contemporary practice, a better understanding of the frequency of perioperative complications is needed. 5, 8, [17] [18] [19] Here, we report the incidence and severity of perioperative complications in a contemporary cohort of living kidney donors, including paired exchange and nondirected donors, who underwent nephrectomy between 2004 and 2014. We investigated whether the risk of perioperative complications varied with donor characteristics (including predonation risk factors), surgical technique (including type of nephrectomy and technique for vascular control of the renal artery), or surgeon characteristics (including surgeon training, experience, and practices).
Materials and Methods

Design, Setting, and Participants
Data for this study were obtained from an ongoing multicenter prospective cohort study examining the medical, financial, and psychological implications of living kidney donation (clinicaltrials.gov: NCT00319579 and NCT00936078 Table S1 in Supplemental Digital Content 1). 20 
Data Collection and Measures
Data collection occurred at 3 time points: preoperatively (baseline), intraoperatively, and postoperatively (until discharge). At baseline, all participants completed a standardized health questionnaire and underwent a physical exam (see Image S1 and Table S2 , in Supplemental Digital Content 1, which provides definitions). Surgical characteristics (eg, left vs right nephrectomy, planned laparoscopic vs open nephrectomy, and technique for vascular control of the renal artery [transfixion vs nontransfixion]) were abstracted from the donors' operative and discharge notes by an author with a medical degree (C.G.-O.). In transfixion techniques, the suture or staple material penetrates the vessel, while in nontransfixion techniques, a tie or clip is placed around the vessel. 21 Data abstraction sheets were created by C.G.-O. and reviewed independently by 2 authors (L.S.F. and A.X.G.). Data on perioperative complications were systematically abstracted, retrospectively, from the donors' operative notes (immediate chart, dictated operative, or both) and discharge summaries. Two reviewers (C.G.-O. and L.S.F.) independently assessed the presence and severity of intraoperative complications using a modified version of the Clavien-Dindo classification system (see Table S3 , in Supplemental Digital Content 1). 22 Agreement between the 2 reviewers was excellent (kappa 0.84 [95% confidence interval (CI): 0.80-0.89]); differences were resolved by consensus. Postoperative complications were independently assessed by the same 2 reviewers using the Clavien-Dindo classification system (see Table S4 , in Supplemental Digital Content 1) [23] [24] [25] with complete agreement (kappa 1.0). All events classified as complications were deviations from the normal expected course. 22, 26 Perioperative complications (including intraoperative and postoperative complications) were categorized as minor or major as follows: minor complications included ClavienDindo grade I and II complications, and major complications included Clavien-Dindo grade III and IV complications. Major complications required an intervention and were lifethreatening or resulted in permanent disability. There were no intraoperative or postoperative deaths, nor were there any deaths related to perioperative complications, so there were no Clavien-Dindo grade V events. Examples of minor complications include splenic laceration without the need of another surgical intervention or surgical site infection. Examples of major complications include pulmonary embolism, sepsis and intraoperative bleeding requiring conversion from a laparoscopic to an open procedure.
Survey development was informed by a literature review [27] [28] [29] and consultation with experts in the field, including 5 transplant surgeons, a nephrologist and an epidemiologist, although formal Delphi methods were not used. The survey was sent to 6 transplant surgeons for pilot testing.
The survey included questions on surgical training and experience with different nephrectomy techniques, year of specialty completion, and preference for intraoperative use of antibiotics and heparin (see Supplemental Digital Content 2 for a copy of the survey). To facilitate recall, some of the survey's questions were specifically targeted to the period 2009-2014; this was due to the fact that all the surgeons who performed a living kidney nephrectomy from 2004 to 2009 also did from 2009 to 2014. We made 5 contact attempts: 3 e-mails were sent at 2-week intervals and 2 other contact attempts with nonresponders were made by fax and/or phone. Surveys were de-identified before being entered into the database. Each center was contacted to assess the overall number of living kidney donor nephrectomies performed per year.
Statistical Analysis
Donor and surgeon characteristics are summarized using the median (25th and 75th percentiles) or as numbers and percentages. To compare the perioperative complication rate between different groups of donors (eg, age groups), we computed predictive margins using a multivariable logistic regression model with generalized estimating equations using the xtgee command with margins statement in Stata/ SE, version 15.1 (StataCorp). Predictive margins are a form of direct standardization that average predicted values from the regression models across the covariate distribution in the population; they can be used to provide an estimate of the rate by group, and the absolute difference between groups, with 95% CI. In all multivariable analyses, the unit of analysis was the donor (multiple complications within one donor were only counted once [the most severe complication]), and the clustering of donors within surgeons was accounted for using generalized estimating equations with an exchangeable correlation structure. We tested whether the following donor characteristics were associated with complication rates: age at donation (<40, 40-60, >60 years), sex, white race (vs other), predonation estimated glomerular filtration rate (eGFR) <80 mL/min per 1. We used a similar approach to examine the effect of surgeon characteristics (eg, surgical specialty, number of nephrectomies per year) on the complication rate. We also performed a logistic regression to compare differences in intraoperative bleeding between vascular control techniques (transfixion vs nontransfixion). These models were adjusted for the number of nephrectomies performed per year, and the following donor characteristics: age, sex, year of surgery, scheduled surgical technique, and nephrectomy side. For this analysis, we excluded donors whose surgeon did not respond to the survey.
Using a Poisson regression, we tested whether the rate of overall perioperative complications differed between centers with high volumes (≥20 living donor nephrectomies per year on average between 2004 and 2014) and low volumes (<20 living donor nephrectomies per year on average). The threshold to define high-volume centers was based on previous literature.
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Results
Donors
We enrolled 1421 living kidney donor candidates from 17 centers (12 centers in Canada and 5 in Australia) from 2004 to 2014. Reasons for exclusion included participant decision, nephrology/transplant team decision, recipient death, loss to follow-up, and donation after the study closed. In total, 1042 individuals proceeded with donation and were eligible to participate in the present study ( Figure 1 ). Predonation characteristics of the 1042 donors are shown in Table 2 . Nearly half of the surgeons (47%) self-identified as urologists and 40% as transplant surgeons. Most surgeons (86%) reported having basic laparoscopic training during their residency or fellowship, and 70% reported having advanced laparoscopic training. Surgeons had been practicing for a median of 13 years (8, 19) after training, and the median time since performing their first living donor nephrectomy was 11 years (6, 16) . Surgeons reported performing a median of 15 (8, 24) living donor nephrectomies per year during the study period. Most surgeons (95%) reported a preference for prescribing antibiotics to donors before the nephrectomy, and 88% used subcutaneous heparin to prevent venous thromboembolism (preoperatively and/or postoperatively).
Perioperative Complications
Of 1042 donors, 134 (13%) experienced a total of 142 perioperative complications (55 intraoperative; 87 postoperative); 8 donors experienced both an intraoperative and a postoperative complication. No donors died in the perioperative period. The type and severity of intraoperative and postoperative complications are summarized according to the Clavien-Dindo grade classification (Table 3 ). The most common type of intraoperative complication was organ injury (50% of 55 complications; 45% were classified as minor and 5% as major). In 55 donors who experienced an intraoperative complication during laparoscopic surgery, 6 procedures were converted to open (an additional 3 of 709 laparoscopic surgeries in donors who did not experience complications were converted to open as a preventive measure). The most common type of postoperative complication was ileus (34% of 87 complications; all classified as minor). Table S2 , in Supplemental Digital Content 1). f Body mass index measured within 30 days before donor surgery (see Table S6 , in Supplemental Digital Content 1). Body mass index was missing in 1 (<0.1%) donor. Overall, most complications were minor (90% of 142 complications); however, 12 donors (1% of 1042) experienced a major complication: 6 required conversion from a laparoscopic to open procedure, and the remaining experienced a pulmonary embolism, splenectomy, myocardial infarction, surgical reintervention for wound dehiscence, or sepsis. Two of the 12 donors that experienced a major complication had both an intraoperative and a postoperative complication. The median length of hospital stay among donors who experienced a major complication was 5 days (4-6); donors with minor complications stayed 4 days (3-5), and donors with no complications stayed 3 days (4-6). Types of perioperative complications (intraoperative and postoperative combined) across clinical categories are presented in Table 4 .
Perioperative Complications In Relation to Donor Characteristics, Surgical Technique, Surgeon Characteristics, and Center Volume
The overall rate of perioperative complications (minor and major combined) was 13% (95% CI: 11%-15%) and the rate of major perioperative complications was 1% (95% CI: 1%-2%). The rate of perioperative complications (overall and major) are shown by donor characteristics, by surgical technique (Table 5) , or by surgeon characteristics (Table 6) . No statistically significant differences were observed between groups; however, given the low event rates, a larger sample size would be needed to detect minimally clinically important between-group differences. Of 689 (66%) nephrectomies that reported both intraoperative bleeding and vascular control technique, 337 (49%) used a transfixion technique and 352 (51%) used a nontransfixion technique. The proportion of donors in these groups with intraoperative bleeding exceeding 200 mL was 7% (22 of 337) and 6% (20 of 352), respectively. The rate of perioperative complications in donors whose nephrectomies were performed by surgeons who performed >10 vs ≤10 living kidney donor nephrectomies per year was 13% (95% CI: 9%-16%) and 13% (95% CI: 4%-23%), respectively ( Table 6 ). The rate of perioperative complications in donors whose nephrectomies were performed in high-volume centers (≥20 living kidney donor nephrectomies per year) vs low-volume centers was 12% (102 of 824) and 15% (31 of 205), respectively; relative rate: 0.82 (95% CI: 0.55-1.22).
Discussion
In our cohort of living kidney donors, 134 donors (13%) experienced a total of 142 perioperative complications (5% intraoperative and 8% postoperative). While 90% of complications were minor, 12 donors (1%) experienced a major complication. No donors died during the first 90 days after surgery, and no donors died as a result of a perioperative complication. We did not observe a significant difference in the overall rate of complications by the donors' demographic Number of complete nephrectomies per year include nephrectomies performed outside this study. f Level of agreement regarding personal experience while performing different types of living donor nephrectomies; 1 = strongly disagree, 5 = strongly agree; categories 1, 2, and 3 were grouped as "No" and categories 4 and 5 were grouped as "Yes." Note. There were 142 perioperative complications in 134 donors, 55 donors had intraoperative complications, 87 had postoperative complications, and 8 had both. Excessive pain, hematoma nephrectomy bed, lower extremity edema, lower limb paresthesia, rectus sheath hematoma, rhabdomyolysis, vertigo, anemia, and nonspecified fever.
or predonation health characteristics or by their surgeon's training or experience. In previous studies, the incidence of perioperative complications in living kidney donors has ranged from 8% to 18%. [2] [3] [4] [5] [6] Reasons for this variation may be explained by differences in ascertainment methodology and in the way perioperative complications were defined (eg, some studies used more liberal or restrictive definitions). As well, studies with higher complication rates tended to have a higher proportion of donors with risk factors such as non-white race, obesity, and hypertension. 5 The overall perioperative complication rate in our study (13%) is similar to the rate reported in a prospective cohort study of 1649 donors in Switzerland (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , which reported an overall rate of 13.5%. 18 A study of 69 117 living kidney donors in the National Inpatient Sample in the United States reported a perioperative complication rate of 7.9% (1998-2010) ; however, only procedurerelated complications were included in the outcome. 2 In a study of 14 964 donors from the United States, transplant registry (2008-2012), the overall perioperative complication was 16.8%. 5 This higher rate might be explained by the comprehensive analysis of all diagnostic and procedural codes in the donors' medical charts, which may have resulted in a more sensitive capture of perioperative complications. In our study, 12 donors (1% of 1042) had a major perioperative complication, which is lower than that reported by Patel et al (4.2%) 3 ; however, our study used a more stringent definition of major complications (ie, complications that required an intervention and were life-threatening or resulted in permanent disability). In contrast, in the study by Patel et al, a complication was classified as major only if an intervention was required (without specifying whether the complication was life-threatening). 26 In our study, the most common type of intraoperative complication was organ injury (50% of 55 intraoperative complications [45% minor and 5% major] and 20% of all 142 perioperative complications). The most common postoperative complication was ileus (34% of 87 postoperative complications [all minor] and 21% of all 142 perioperative complications).
In contrast to this study, previous studies have reported that predonation hypertension and obesity were significantly associated with increased rates of perioperative complications in living kidney donors. 2, 5, 6, 33 Whereas we defined obesity as a BMI ≥30 kg/m 2 , some previous studies defined obesity as a BMI ≥35 kg/m 2 , and it is possible that other studies had a higher percentage of donors with a BMI ≥35 kg/m 2 (only 2% of donors in our study had a BMI >35 kg/m 2 ). 33 It is also possible that the risk from obesity and hypertension is augmented by other factors, such as older age, non-white ethnicity, or other predonation risk factors that were not as common in our cohort. 12 In our study, the complication rate in hypertensive donors was 3% higher than in nonhypertensive donors; however, the CI for the difference was wide, indicating a lack of precision.
The two most common techniques for vascular control of the renal artery are staplers (transfixion) and surgical clips (nontransfixion). 34 Whereas our study showed similar rates of bleeding for these 2 techniques (7% vs 6%, respectively, when defined by >200 mL of blood loss), other studies have shown a higher bleeding risk when clips are used. 21, 34 Furthermore, due to documented fatal outcomes with the use of the Hem-o-lok ® ligating clip in laparoscopic donor nephrectomies, the U.S. Food and Drug Administration (FDA) issued a Black Box warning on the use of this clip in 2006. 35 One explanation for the lack of difference in bleeding risk between these 2 techniques in our study is that 94% of surgeries that used surgical clips used multiple clips, and only 35 surgeries (3% of 1042) used Hem-o-lok ® clips alone for securing the renal artery, limiting the statistical power to detect differences. We agree with the FDA ruling and believe that it is vital for all transplant programs to update their existing practices to minimize the risk of donor harm.
While previous studies (in general-not specific to living donor nephrectomies) have shown an inverse association between surgeon/center volume and perioperative complications, 15, 36, 37 in this study, donors whose surgeons (13, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) performed >10 vs ≤10 living donor nephrectomies per year had the same rate of perioperative complications (13%). In a similar way, the relative risk of perioperative complications between high-and low-volume centers was not statistically significant (0.82 [95% CI: 0.55-1.22]). The low rate of complications despite low surgeon or center volume might be related to an overall increasing attention devoted to donors' safety and to the fact that donors' surgeons are also performing comparable or more difficult surgeries. In this study, 14% and 30% of surgeons reported a lack of basic or advanced laparoscopic training during residency/ fellowship, respectively, and 12% of surgeons reported a lack of experience performing laparoscopic donor nephrectomies. However, the rate of perioperative complications did not vary significantly with the surgeons' self-reported training and experience. This suggests that a variety of training pathways can produce surgeons who safely perform donor nephrectomies.
Our study has several strengths. This multicenter cohort study of 1042 living donor nephrectomies from 2004 to 2014 in 17 centers in Canada and Australia is one of the largest of its kind to date (an earlier cohort study conducted in Switzerland between 1998 and 2015, followed a registrybased cohort of 1649 donors). 18 In contrast to major previous studies, which typically relied on the use of administrative data, our manual abstraction of operative and discharge notes allowed for a more specific capture of perioperative complications, particularly minor complications that might otherwise be missed. We included both intraoperative and postoperative complications. We also surveyed 90% of the surgeons who performed the nephrectomies for donors in this study; few prior studies have examined the characteristics of surgeons performing living donor nephrectomies and whether these characteristics associate with perioperative complications. 31, 32, 38, 39 Our study has several limitations. First, although medical charts and surgical notes contain detailed information on perioperative complications, operative and discharge reporting is not standardized and varies among surgeons. For example, while some surgeons provide detailed notes (eg, type of clips used: metallic, plastic, etc), others report only the use of a clip (but not the material). Future intrahospital and interhospital comparisons would be enabled by standardizing the operative and discharge notes in routine living kidney donor care. Second, it is possible we missed some complications if they were recorded elsewhere in the donors' medical charts; however, we would expect these complications to be minor. Third, the online survey completed retrospectively by the surgeons was not validated, and therefore, its content and construct validity are unknown. Measurement error resulting from faulty recall or inaccurate responses to survey items may have made it difficult to detect associations between surgeon training and experience and perioperative complications in donors; however, we tried to decrease this by limiting recall to a more contemporary era (2009) (2010) (2011) (2012) (2013) (2014) . Fourth, our convenience sample of donors lacked the statistical power to detect small differences between subgroups.
In conclusion, this study confirms the perioperative safety of living kidney donation in modern practice. Approximately 13% of donors experienced a perioperative complication, but only 1% experienced a major complication. This information may inform quality improvement initiatives and informed consent.
